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Abstract 
The assembly stages enhancement is an important economic challenge for aeronautics industries. After the pre-assembly, gaps exist between 
components because of compliance and geometrical defects of components. Assembly requirements impose to fill these gaps, without installing 
internal stresses. A shimming step is currently necessary. It needs gaps measurement, which was identified as a problematic and expensive non-
added value stage. Thus the trend is at gap prediction in order to remove gap measurement operations. This paper develops a numerical process 
allowing predicting gap before assembly step from component measurements. The main issue relates to the integration of measuring data into 
simulation process. Gap prediction stage is firstly located into the assembly process, in order to define constraints about gap representation. 
Then gap prediction process principle is detailed, highlighting measuring data integration. This method was subjected to an experimental 
validation. The entire process was carried out, from component measurement to gap prediction. Several comparisons were achieved to 
characterize the predicted gap. 
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1. Introduction 
In the aeronautical industry, the tendency is at low fuel 
consumption, with works on weight reduction. The choice of 
industrials especially focused on composite materials and 
hybrid structures, which are more lightweight for equivalent 
mechanical characteristics. However the use of composite 
requires the limitation of internal stresses into the assembly in 
order to ensure the integrity of this one. Thus it is necessary to 
control the geometrical quality of components and assembly 
to avoid internal stresses installation during assembly steps. 
Even so geometric quality control doesn’t prevent the resort to 
expensive non-added value operations. Some research 
institutes and companies gathered together within the 
European LOCOMACHS project [1], in order to find 
alternatives. 
For example, considering aeronautic structure components, 
they are often large, thin and compliant. Moreover 
components positioning’s on assembly tools are over- 
constrained. Thus all these things do so that gaps exist 
between the components, at the pre-assembly stage, as it is 
illustrated on figure 1. 
The current solution in aeronautic industry is to proceed to 
shimming operations during the assembly process, in order to 
fill these gaps and to avoid too high stresses. Shimming step 
requires first gaps evaluation, visible on figure 2 (a). Gaps are 
currently evaluated by direct measurement. Unfortunately this 
gaps measurement step is counterproductive: it requires a lot 
of direct gap measurements at the interfaces – using standard 
shims set or a capacitance measuring device –, it is not 
systematic, sometimes iterative, and it is time consuming and 
Fig. 1: Gaps origin during pre-assembly process. 
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costly. This gaps measurement step is so considered as an 
expensive non-added value operation. 
Some works are therefore related to the shimming process 
modification. A followed way, regarding the work presented 
in this paper, is to replace gap measurement operation by gap 
prediction between components. The main purpose is to 
remove gap measurement stage, which is time consuming. 
The planned process is visible on figure 2 (b). 
In order that this gap prediction be significant, it requires 
the improvement of assembly behavior simulations, especially 
integrating physical measuring data. This allows representing 
the components actual geometry, at least characteristics that 
are considered as relevant towards simulation objectives. 
So the idea is to foresee the gap, before or during the 
assembly step, from measuring data stemming from alone 
components or partial assembly. This paper particularly 
focuses on the measuring data integration with a view to the 
gap prediction. Assembly simulation process and shim 
manufacturing process are not detailed in this paper. 
In section 2, constraints about gap representation are 
exposed, and related works are analyzed. Then in section 3 
gap prediction process principle is presented. Successive steps 
are then detailed, and uncertainty sources are stated. Next in 
section 4 assumptions allowing validating the numerical 
process are detailed. A use case is then presented and 
validation ways are analyzed. Finally works are summarized 
in the conclusion and some outlooks are proposed. 
2. Constraints about gap representation 
First it is necessary to define the notion of gap. Indeed the 
simulation phase involves predicting the gap geometry 
between components, and the manufacturing phase entails 
producing the shim corresponding to the predicted gap and 
realizing the assembly. Thus the gap geometry is the link 
between assembly simulation and shim manufacturing 
processes. This geometry representation way is constraint by 
the two processes. 
We propose a general gap definition. The gap is: the clear 
space between two parts of an assembly. The main issue is 
then to characterize this physical clear space. Several 
modeling ways are possible, considering the gap geometry as: 
a mean distance between surfaces, a set of distances between 
surfaces, bounds min and max, a volume, an enveloping 
volume… 
Some works dealing with gap concept and ways to 
represent it can be found in the literature. First of all Giordano 
[2] introduced the clearance space concept. A Clearance 
space corresponds to a domain in which the functional 
characteristic has to be contained in order to the functional 
condition be verified. This modeling is well-adapted to 
analyze key characteristics influence on a mechanism 
behavior, with for example a statistical approach. Only ideal 
surfaces are considered. Shape deviations are not taken into 
account. 
Moreover Teissandier [3] introduced the U.P.E.L. concept. 
It characterizes bounds of displacement between two ideal 
surfaces. It can be extended to the characterization of relative 
position between two ideal surfaces of two different parts. 
Then Bourdet [4] present an analyzing tool of the defects 
spreading within assemblies. In particular modeling is based 
on joint deviation torsor concept [5], representing deviations 
induced by a joint. Here also only substituted ideal surfaces 
are considered. 
The GeoSpelling model [6], based on geometrical 
operations which are applied on geometrical features, permits 
to represent any geometry. Indeed it rests upon the skin model 
concept [7], allowing considering these geometrical features 
as ideal or non-ideal, and even as continuous or discrete. The 
choice is function of the viewpoint or the objective to achieve. 
This approach permits to imagine geometries with defects, for 
specification and verification. 
Likewise modal representation used by Samper [8] is a 
way to represent geometry with defects. This is a discrete 
representation, based on natural modes of an ideal surface. 
This kind of representation allows simulating assembly 
behavior whose components have defects. The assembly 
validity is checked using deviation space method [2]. Stricher 
[9] use the same representation method, preferring 
technological modes typical of geometrical defects commonly 
met on the components. Technological modes are built by 
linear combination of natural modes, and allow reducing the 
number of variables necessary to describe the shape. 
Andolfatto [10] propose a method, rested on the concept of 
deviation field based, to model component geometrical 
deviations and joint deviations. This representation way 
allows unifying representation tools above-mentioned, using 
the same base of deviation fields. The main advantage is the 
ease to represent local and global defects with the same 
representation way. 
Thus few work in the literature address the gap concept 
with a discrete viewpoint. For example Franciosa [11] study a 
welding process of compliant assemblies. Geometrical defects 
on components induce gaps between them. A point-to-point 
distance, evaluated comparing nominal and actual geometries, 
is used to represent this gap. This gap modeling assumes that 
welding guns positions are precisely known. 
Likewise Huang [12] study the gap-closing process in 
assemblies using a discrete viewpoint. Starting from a gap as 
input, he simulates the gap-closing process and analyzes 
deformations and lock-in stresses produced during this 
operation. In order to do this, he considers the gap as a set of 
point-to-point distances.  
This representation way seems to be adapted to the issue 
addressed in this paper. Indeed the fact of using Finite 
Element simulation Method requires a data modeling 
Fig. 2:  Current (a) and planned (b) processes. 
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compatible with this simulation process. The main difference 
relates to the gap position into the simulation process: in their 
works Franciosa and Huang needs gap as input, then in this 
paper gap is a simulation process output. 
Thus the gap representation as a set of point-to-point 
distances is relatively well-adapted in order to simulate gap-
closing operation, because the variation of distances values 
will allow representing it. But when only the final gap 
geometry is required, it is suitable to avoid this distance set 
representation. Indeed problems about points choice, points 
compatibility between two different parts, distances evaluation 
directions leaved out. 
 
On the one hand the pre-processing step upstream shim 
additive manufacturing process requires a shim surface 
geometry as input. Commonly in CAD domain .stl or .igs files 
allow representing objects as surfaces. The main difference 
between these two kinds of format is the surface 
representation nature: .stl file contain a discrete representation 
whereas .igs file contain a continuous one, mathematically 
defined. Thus continuous or discrete representations can be 
worth considered thereafter. 
On the other hand assembly simulations integrating 
compliant behavior and contact are usually based on Finite 
Element meshes, and so permit to obtain discrete simulated 
gap. The first representation will inevitably be discrete. To 
obtain a continuous representation will necessitate an 
information extrapolation contained in simulation results. So 
it seems to be judicious to conserve a discrete representation. 
It remains to define this one. Directly make the connection 
between the two discrete geometries – nominal mesh and 
measuring point cloud – will avoid accumulating 
approximation sources. 
It is then possible to reformulate the main issue, which is: 
to define the shim geometry, corresponding to the clear space 
between the two parts, the shim volume being represented, 
using a discrete way, by its surface geometry. This rephrasing 
is obtained starting from the gap definition, and taking into 
account constraints imposed by the shim manufacturing 
process. 
This definition of the main objective takes into account the 
close link between the gap and the shim, and also the shim 
manufacturing process. 
3. Numerical process for gap prediction 
3.1. Principle 
Main steps of the numerical process for gap and shim 
prediction are visible on figure 3. 
The first step takes place before the assembly stage, when 
components are not yet assembled. At this stage, the objective 
is to measure components and evaluate characteristics from 
these measuring data. Commonly, for gap prediction, 
characteristics which have to be measured correspond on the 
one hand to datums realizing the positioning during the 
assembly, and on the other hand to the surfaces which will 
belong to the interface between the two components after 
assembly stage. 
Then the second step relates to the integration of measuring 
data into the simulation process. In order to take into account 
flexibility and contact, simulation process will be based on 
Finite Element calculation. It is necessary to make the 
connection between point clouds stemmed from measurement 
and meshes defined from CAD model. All stages concerning 
measuring data processing will be detailed in section 3.2. 
Next step concerns assembly simulation process. When 
measuring data are integrated to meshes, assembly behavior 
can be simulated – using a well-adapted simulation tool. It is 
then possible to obtain deformed meshes under assembly 
constraints. 
Last step relates to the shim prediction. From meshes 
stemmed from assembly simulation, it remains to evaluate the 
gap. The corresponding shim geometry is then deduced, taking 
into account the shim manufacturing process. 
3.2. Measuring data integration 
The main contribution of this work concerns the 
component measuring data processing in order to predict the 
assembly gap, and to fill it with a made-to-measure shim. The 
numerical process is constrained in output and by the shim 
manufacturing process. It is also constrained by the 
component measuring data in input, as well as the Finite 
Element simulation. 
Measuring data integration can be divided in three stages: 
preprocessing, localization and association, visible on figure 4. 
Only localization and association will be detailed. Point 
clouds are considered already preprocessed, cleaning out and 
filtering operations have been achieved. It is assumed that 
there is not empty area in point clouds, and that foreign 
artefacts – for example others surfaces of components – are 
removed during the cleaning out stage. 
Thus as input of the numerical process there are measuring 
point clouds representing gap interface surfaces. There are 
also potentially measuring data corresponding to datums. In 
all the cases the objective is to integrate gap interface surfaces 
measuring data – represented by point clouds – into the 
simulation process – based on Finite Element meshes. 
Measuring uncertainty will be to take into account. 
On the one hand there is the nominal assembly, containing 
the geometry of constrained components without defects. This 
Fig. 3: Main steps of the gap prediction process, illustrated on the use case. 
Fig. 4: Integration step. 
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is considered as the reference. Starting from this nominal 
assembly – represented by the CAD model – it is possible to 
define Finite Element meshes, which will be support of the 
simulation process. 
On the other hand there are the real components, which are 
considered with defects. Some components elements are 
measured and information stemming from some of these ones 
will be used to enrich the simulation. This information 
corresponds to the defects evaluated on surfaces at the gap 
interface. 
Thus at the localization stage, input data are: 
x Nominal mesh 
 Nominal nodes coordinates:     
͵
൥
ଵܺ ଵܻ ܼଵ
ڭ ڰ ڭ
ܺே ேܻ ܼே
൩ ௡ܰ௢ௗ௘௦ 
(1) 
 Connectivity table:             
ܧ݈݁݉݁݊ݐݏݏ݅ݖ݁
൥
ܰ݋݀݁௫ ڮ ܰ݋݀݁௬
ڭ ڰ ڭ
ܰ݋݀݁௭ ڮ ܰ݋݀݁௧
൩ ܯ௘௟௘௠௘௡௧௦ 
 
x Measuring point cloud 
 Measured points coordinates:     
͵
൥
ݔଵ ݕଵ ݖଵ
ڭ ڰ ڭ
ݔ௡ ݕ௡ ݖ௡
൩ ݊௠௘௔௦௨௥௘ௗ௣௢௜௡௧௦           (2) 
 
It is then possible to build a measuring coordinate system 
from datum’s measurements. This measuring coordinate 
system is linked to the component, and called component 
measuring coordinate system. To realize measurements on 
gap interface surface and datums, using the same positioning 
on the measuring coordinate system of the measuring device, 
called CMM measuring coordinate system, allows easily 
expressing measuring point cloud corresponding to the gap 
interface surface in the component measuring coordinate 
system. It is then considered that the measured point cloud is 
localized. The localization error is a main source of 
uncertainty on predicted gap. 
When gap interface surfaces represented by point clouds 
are localized, next step is to integrate information contained in 
measuring point clouds into Finite Element meshes. The main 
issue involves making the link between two points sets of two 
different sizes – Nnodes and nmeasured points. In this case it is 
assumed that nmeasured points is bigger than Nnodes – about a 
hundred times. Thus several measured points are compared to 
each node. The process is detailed next. 
The principle is to determine, at each node of the mesh, the 
point cloud position against the nominal geometry. This 
association step is based on the closest point concept [13]. 
The method isn’t iterative when component measuring 
coordinate systems are used to achieve the localization, and 
closest points are evaluated once a time. 
Then it is possible to evaluate distances between mesh 
nodes and closest points. Audfray [14] developed an 
algorithm, allowing evaluating distances between points and 
closest points, in order to minimize them. This algorithm was 
a starting point to the distance evaluation procedure detailed 
next. 
Thus, seeing figure 5 (a), consider the nominal mesh and 
the actual geometry localized. Then the measuring device 
allows obtaining dense and noised point clouds, representative 
of the actual geometry. The choice was made to consider 
several points on the neighborhood of the mesh node (b). 
Indeed with this kind of measuring device, points have to be 
considered as sets to have a physical meaning. It is then 
possible to determine a mean point (c), supported by the 
normal vector at the node. Finally a distance is evaluated (d), 
as well as a standard deviation and a dispersion of measured 
points around the mean point. Distance evaluation is a cause 
of uncertainty. These indicators are used in order to qualify 
the measuring data integration process and quantify this 
uncertainty. 
So distances are evaluated along the nominal geometry 
normal vectors at mesh nodes. Concretely normal vectors are 
evaluated directly from the mesh, considering that a normal 
vector to a node is the mean vector of normal vectors to 
elements that share the node – weighted by elements surface. 
For the moment gap interface surfaces were designed in order 
that edges effects be not problematic. 
 
Thus the set of normal vectors and the set of corresponding 
distances allow defining a deviation field on the nominal 
mesh: 
x Deviation field: 
      Normal vectors coordinates:     
͵
൥
ଵܷ ଵܸ ଵܹ
ڭ ڰ ڭ
ܷே ேܸ ேܹ
൩ ௡ܰ௢ௗ௘௦ 
(3) 
      Distances:     
ͳ
൥
ܦଵ
ڭ
ܦே
൩ ௡ܰ௢ௗ௘௦ 
It is then possible to pass from a nominal mesh to a 
deformed mesh. Indeed the application of the deviation field 
Fig. 5: Distance evaluation between nominal mesh and measuring point cloud. 
Fig. 6: Deviation field applied on nominal mesh (a) and deformed mesh (b) 
(scale factor of 50 on deviation field intensity). 
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to the nominal mesh, visible on figure 6 (a) allows obtaining a 
deformed mesh, representative of the gap interface surface 
actual geometry, on figure 6 (b). The connectivity table is 
retained. The deformed mesh is so defined by: 
x Deformed mesh: 
      Deformed nodes coordinates:     
͵
൥
ܺԢଵ ܻԢଵ ܼԢଵ
ڭ ڰ ڭ
ܺԢே ܻԢே ܼԢே
൩ ௡ܰ௢ௗ௘௦ 
(4) 
      Connectivity table:     
ܧ݈݁݉݁݊ݐݏݏ݅ݖ݁
൥
ܰ݋݀݁ଵ ڮ ܰ݋݀݁௫
ڭ ڰ ڭ
ܰ݋݀݁௬ ڮ ܰ݋݀݁௭
൩ ܾܰݎ݁௘௟௘௠௘௡௧௦ 
 
ሾܺᇱ ܻᇱ ܼᇱሿ௜ ൌ  ሾܺ ܻ ܼሿ௜ ൅ ܦ௜ כ  ሾܷ ܸ ܼሿ௜          (5) 
        ( ܰ݋݀݁Ԣ௜ ൌ ܰ݋݀݁௜ ൅ܦ݅ݏݐܽ݊ܿ݁௜ כ ܰ݋ݎ݈݉ܽ௜ ) 
 
This deformed mesh, representing the actual gap interface 
surface of a component, will be a simulation step input. 
4. Validation process 
4.1. Assumptions 
In order to validate the numerical process, some 
assumptions have to be made, for limiting interference effects. 
First the numerical process has to consider compliance and 
contact in assemblies. But over a first phase it is necessary to 
validate it on rigid components. Indeed rigid assumption 
permits to limit uncertainties due to the simulation stage, in 
order to focus on the measuring data integration stage. Thus 
the assembly simulation will consist in evaluate rigid body 
motions of each component. The rigid body motion that is 
imposed to the component corresponds then to the 
geometrical transformation allowing passing from a 
component nominal coordinate system to the corresponding 
one on the other component.  
Forward it will be necessary to consider compliance and 
contact. Thus simulation tool will necessitate meshes to 
represent components deformation. So as from now meshes 
will be used, making the numerical process coherent. For rigid 
simulation, only gap interface surfaces can be meshed. 
Contact management is also a difficulty in assembly 
simulation. So it is desirable to choose a configuration that 
allows situating it. The use case was designed with several 
interfaces, three permitting a mastered contact, called 
positioning interfaces, and one permitting a non-contact on its 
entirety, called gap interface. 
4.2. Use case 
A use case was fully designed in order to test the numerical 
process based on measuring data for gap prediction. It allows 
focusing on the numerical process, in order to validate it. The 
use case is visible on figure 7. 
The physical support is a two-component assembly, 
considered as rigid. The component geometry was chosen in 
order to respect some constraints relating to the two interfaces. 
First it was necessary to define a positioning joint between 
the two components – through positioning interfaces. In order 
to guaranty a good repeatability of the positioning, and so to 
limit assembly simulation uncertainties, it is necessary that the 
joint be without clearance. Indeed a relative displacement 
between the two components will lead to infinity of predicted 
gaps. 
The choice was made to design a joint, constituted of a 
plan pair, a conical pin - conical hole pair and a conical pin - 
conical slot pair. If cones diameters are well chosen – male 
diameters higher or equal to female diameters – this joint 
guaranties a positioning without clearance. Moreover these 
kinds of geometries are relatively simple to realize with an 
additive manufacturing process. 
Then the gap interface is nominally defined as a volume 
between surfaces on each component. The only constraint is 
to prevent contact. The access to this interface is also made 
easier for gap measurement. 
4.3. Measuring device 
The measuring device used to realize measurements on the 
use case is a laser plane sensor, visible on figure 7. More 
precisely the considered measuring system is composed of: 
x A coordinate measuring machine (CMM). 
x A motorised indexed head, supported by the CMM. 
x A laser plane sensor, supported by the head. 
x A kinematic touch trigger probe, supported by the laser 
plan sensor. 
 
The main advantage of this measuring system is the 
possibility to achieve measurements with the laser plan sensor 
or the touch probe, with no change of the measuring device 
configuration. Thus successive measurements – datums and 
gap interface surfaces – are realized with the same device, 
what limit localization uncertainties. 
4.4. Validation ways 
From physical components, measurement, integration, 
assembly simulation and shim prediction steps are carried out. 
The obtained result is a predicted shim, allowing filling the 
gap between the two components when they are assembled. 
Fig. 7: Use case and measuring device. 
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In order to qualify the predicted shim, it is necessary to 
compare it against a reference. Comparisons that can be made 
are visible on figure 8. Remains to be judge their relevance.  
Considering the main objective, the more relevant 
comparison must be made achieving the final assembly with 
the shim (a). Thus it is possible to verify if the assembly is 
high-quality. A too high internal stress or too high residual 
gap are synonymous of a wrong assembly. This comparison 
also permits to take into account errors due to the shim 
manufacturing process. 
To quantify results, a first possibility is to localize contacts 
and evaluate the contact pressure – pressure measurement 
with specific film. The measurement uncertainty is relatively 
high. Moreover the film thickness has to be taken into account. 
Finally it will be difficult to make the link between 
measurement results, contact zones and contact pressure, and 
the real size of the gap. This comparison is just qualitative. 
 
Another way to qualify results would be to compare shim 
to an evaluation of the gap, for example by measurement. 
Some technologies and methods allow measuring gap, with or 
without contact. Measurement of the gap cavity realizing 
casting or measurement with a contactless technology – X-ray, 
ultrasound – are currently considered. 
The first solution would permit to obtain a physical 
representation of the gap, which it will have to measure. In 
this case the comparison could be made between the casted 
part measurement and the shim measurement (c). It will have 
to take into account measuring process uncertainties in order 
that the comparison be consistent. 
The second solution would give a discrete representation of 
the gap. It would be then judicious to compare this gap 
measurement result to the predicted shim (b). Here shim 
manufacturing process uncertainties have to be taken into 
account separately. These comparison ways are quantitative. 
5. Conclusion 
The gap prediction in assemblies is an important issue for 
aeronautic industries, in order to remove time-consuming gap 
measurement operations. That involves the improvement of 
assembly simulations, especially taking into account the 
actual components characteristics. 
This paper presents a gap prediction numerical process. 
The shim geometry is predicted, taking into account 
components measuring data and shim manufacturing process 
constraints. 
The first step was to take into account industrial constraints 
in order to define a representation way of the predicted shim 
geometry, compatible with the shim manufacturing process 
and the assembly simulation process. Then the focus was 
made on the measuring data integration into meshes, 
integration step allowing adding information stemmed from 
actual components to meshes. 
The process was carried out on a use case, from component 
measurement to shim prediction. Currently rigid and non-
contact assumptions are necessary. Validation process is in 
progress, using different ways presented. An important 
milestone will be to validate the process with these 
assumptions, and to evaluate associated uncertainties. 
Next step will be to validate on a multi-component use 
case. A final objective will be to integrate compliance and 
contact into the simulation process. 
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